Introduction
During exercise, an increase in hepatic glucose production is essential to meet the increased glucose requirements of the working muscle and to prevent hypoglycemia (1) (2) (3) . However, the precise mechanisms underlying this delicate balance between glucose production and glucose uptake by peripheral tissues remain unclear. Previous studies have focused on the importance of hormonal changes in mediating the response of the liver, particularly the fall in insulin (4, 5) and rise in glucagon concentrations (5, 6) . These studies have yielded apparently conflicting results. While it has been suggested that the decrease in insulin secretion is important in promoting glucose production or in sensitizing the liver to the stimulatory effects of counterregulatory hormones (4) , it has been demonstrated that hypoinsulinemia is not required for exercise to cause a rise in hepatic glucose production (5) . Similarly, an increase in glucagon was found to be crucial for the hepatic response to exercise by some investigators (6) , but not by others (5) . Studies in the pancreatectomized diabetic dog suggest that additional factors must be considered (7) . Under these conditions, exercise evoked a normal increase in hepatic glucose production, even though circulating insulin and glucagon concentrations remained constant.
The role of catecholamines in regulating glucose metabolism during exercise has been investigated by using adrenergic blocking agents. When exercise is performed during propranolol infusion, hepatic glucose production is not suppressed either in the dog (8) or in humans (9, 10) . Nevertheless, in some instances, plasma glucose declines due to an acceleration of glucose utilization. The influence ofalpha blockade has been more difficult to assess because of its propensity to cause orthostatic hypotension. In the running dog, phentolamine infusion diminishes the exercise-induced increase in glucose uptake (8) , while in exercising man, phentolamine produces impaired glucose utilization despite the lack of suppression of plasma insulin levels (1 1) . However, it is unclear whether such changes are due to alpha blockade or a reduction in exercise intensity. Likewise, the apparent lack of effect of beta blockade on exercise-induced hepatic glucose production may conceivably be due to the inhibition of insulin secretion induced by unopposed alpha adrenergic stimulation.
It is not known whether the hepatic response to exercise in Type I diabetics is more dependent on the exercise-stimulated release of catecholamines. However, several lines of evidence are in keeping with this possibility. Insulin-treated diabetics exhibit an exaggerated rise in blood glucose during physiological epinephrine infusion as a result ofan excessive increase in hepatic glucose production (12, 13) . Of particular importance, this effect is more readily suppressed by beta blockade in the diabetic as compared with normal subjects (14) . In addition, the inability of such patients to reduce circulating insulin levels during exercise and propranolol infusion may make them more susceptible to blockade of their hepatic beta adrenergic receptors. Several recent reports have suggested that beta adrenergic blockade may result in clinically significant hypoglycemia in diabetics (15) (16) (17) as well as nondiabetic individuals (1 5, 16, 18) .
The present study was consequently undertaken to contrast the effects of alpha and beta adrenergic blockade (with phentolamine and propranolol, respectively) in normal and Type I diabetic subjects during moderate exercise. To ensure that the exercise stimulus remained constant during alpha adrenergic blockade, all studies were performed in the supine position using a bicycle ergometer at a constant percentage of each subject's maximum work capacity. Prior to the start of exercise, each subject's glucose pool was labeled with 3-[3Hjglucose (New England Nuclear, Boston, MA) to allow determination of rates of endogenous glucose appearance (primarily from the liver) and glucose disappearance. In the controls, the tritiated glucose was administered as a priming dose of 25 uCi followed by a continuous infusion of0.25 uCi/min for 120 min before the start ofexercise (Protocol I) or propranolol and/or phentolamine (Protocols II-IV). In the insulindependent diabetics, the priming dose of 3-[3Hlglucose was increased in proportion to the increase in fasting glucose concentration, and the continuous infusion was administered for 180 min before exercise (Protocol I) or propranolol or phentolamine (Protocols II and III) to allow adequate time for equilibration with the glucose pool. Previous studies by Sacca et al. (19) have shown that tritiated glucose infusion in the fasted state does not result in significant labeling of liver glycogen. In all studies, the 3-[3H]glucose infusion was continued throughout the exercise and recovery periods. Plasma samples for determination of glucose specific activity were obtained every 5 min during the last 30 min of the equilibration period, during exercise, and during recovery.
Calculations. The rates of glucose production (Ra) and glucose utilization (Rd) were calculated from the equations of Steele et al. (20) in their derivative form using a value of 0.65 for the pool fraction. During the exercise plus propranolol study in the diabetics, it was necessary to infuse exogenous glucose at a rate of 2.58 mg/kg. min to prevent severe hypoglycemia. Thus, during this study protocol, endogenous glucose production was calculated by subtracting the exogenous glucose infusion rate from the total Ra as determined by the tracer technique.
Analyses. Plasma glucose levels were measured by using the glucose oxidase method (Glucostat, Beckman Instruments Inc., Fullerton, CA).
Methods for the determination of 3-[3H]glucose specific activity have been published previously (21) . Plasma insulin concentration in the controls was determined by standard radioimmunoassay procedures using talc to separate bound from free insulin (22) . In the diabetic subjects, immunoreactive free insulin concentration was determined by immediately treating freshly drawn plasma with polyethylene glycol to precipitate insulin antibodies (23) . Free insulin recovery in normal subjects determined after the addition of PEG averaged 98±4% of the values determined directly by radioimmunoassay (24). C-peptide levels were determined by radioimmunoassay (Byk-Mallinckrodt Radiopharmaceuticals, Dietzenbach, West Germany). Samples for epinephrine and norepinephrine were collected in glutathione and subsequently analyzed by the radioenzymatic method (Cat-a-Kit, Upjohn Co., Kalamazoo, MI). Plasma glucagon concentration was determined by radioimmunoassay using the 30,000 antibody of Aguilar-Parada et al. (25) . Plasma free fatty acid levels were determined by the method of Dole (26) as modified by Novak (27).
Statistics. All data are expressed as the mean±SEM. Statistical comparisons were made using Student's t test for paired analysis.
Results
Normal controls-glucose kinetics (Table I (Fig. 1 A) . The rise in glucose utilization during exercise was closely paralleled by an increase in hepatic glucose production, and plasma glucose concentration remained constant (Fig. 1 B) . Following exercise, glucose production fell in concert with the fall in glucose utilization and the plasma glucose concentration remained unchanged.
Protocol II exercise plus propranolol. Basal hepatic glucose production and glucose utilization were not significantly altered during the 30-min period of propranolol infusion (immediately prior to the onset of exercise). Following exercise, the rise in glucose utilization (4.30±0.34 mg/kg min) was slighlty, although not significantly, greater than during the control study when exercise was performed without propranolol (3.49±0.43 mg/kg min, P = 0.10). However, the rise in glucose uptake was closely matched by an increase in hepatic glucose production (4.54±0.33 mg/kg min) and plasma glucose concentration was (Table I) . During the recovery period, both glucose utilization and glucose production returned to base-line values and plasma glucose levels were unchanged.
Normal controls-hormonal andfree fatty acid response (Table II) Insulin and C-peptide. During exercise alone, plasma insulin exhibited a small and statistically insignificant decline from 16±2 to 13±2 ALU/ml and there was no significant change in plasma C-peptide concentration. While propranolol did not significantly affect the plasma insulin or C-peptide response to exercise, alpha blockade with phentolamine produced a 40% rise in circulating insulin before exercise (P < 0.01 vs. basal) and a further 30% increase at the end of 40 min of exercise (P < 0.01 vs. basal). This was accompanied by a small but statistically insignificant rise in C-peptide from 0.46 to 0.57 ng/ml during exercise. When propranolol and phentolamine were infused together, plasma insulin and C-peptide did not change from base line during either the exercise or recovery periods.
Glucagon. Plasma glucagon concentration did not change during exercise alone. Furthermore, neither alpha, beta, nor alpha and beta blockade in combination with exercise produced any significant change in circulating glucagon levels.
Catecholamines. During exercise alone, plasma epinephrine rose from 22±5 to 54±9 pg/ml (P < 0.05 vs. basal). The rise in plasma epinephrine concentration was slightly, although not significantly, greater when exercise was performed with either propranolol alone or phentolamine alone. During combined alpha and beta blockade, plasma epinephrine increased sixfold (to 223±81 pg/ml) above basal levels. Because of the large variation in individual responses, however, this increase did not reach statistical significance (P = 0.13 vs. basal).
During exercise, plasma norepinephrine concentration rose from 218±40 to 365±67 pg/ml. The increase in norepinephrine was greater when exercise was performed with either beta adrenergic blockade (758±143 pg/ml; P < 0.05 vs. basal) or alpha adrenergic blockade (1603±229 pg/ml; P < 0.01 vs. basal). The greatest rise in norepinephrine (1938±399 pg/ml; P < 0.05 vs. fasting plasma glucose concentration was 144±10 mg/dl (range, 91-170 mg/dl). The propranolol infusion produced a fall in both glucose production and glucose uptake (P < 0.05); consequently, plasma glucose levels remained relatively stable. When exercise was performed with propranolol, there was a rapid decline in plasma glucose concentration which reached 11 1±8 mg/dl after 20 min. To prevent severe hypoglycemia and its accompanying counterregulatory response, exogenous glucose was infused at a rate of up to 2.58 mg/kg-min during the last 20 min of exercise. Despite this exogenous glucose infusion (which was given only during the propranolol study), the plasma glucose continued to decline to 90±4 mg/dl by the end of exercise. Furthermore, the glucose infusion was required to maintain glucose levels constant during the recovery period. The decrease in plasma glucose concentration was significantly greater than the control study (exercise alone) at all time points from 20 to 70 min (Fig. 2 B) . The precipitous decline in plasma glucose concentration was due to an enhanced rate of glucose uptake (6.30±0.55 mg/kg . min) compared with the control study (4.42±0.40 mg/kg.min; P < 0.05), and a failure of hepatic glucose production to rise (Fig. 2 A) . In fact, hepatic glucose production at the end of exercise (1.48±0.43 mg/kg . min) was reduced as compared with the basal rate of 2.22±0.14 mg/kg. min (P = 0.08).
Protocol III: exercise plus phentolamine. As with propranolol, alpha blockade produced a decline in glucose production and glucose uptake in the period prior to exercise, but no change in glucose concentration. When exercise was performed with phentolamine, plasma glucose rose from 150± 10 (range, 124-170 mg/dl) to 164±15 mg/dl at the end of exercise and remained significantly elevated throughout the recovery period (P < 0.05 vs. exercise alone from 30 to 70 min; Fig. 2 B) . The rise in plasma glucose concentration was primarily the result of a more pronounced increase in hepatic glucose production (4.88±0.45 vs. 2.72±0.41 mg/kg-min during exercise alone, P < 0.05). The increase in glucose uptake (3.93±0.58 mg/kg. min) was slightly, although not significantly, less than during exercise alone (4.42±0.40 mg/kg min).
Insulin-dependent diabetics-hormonal andfree fatty acid response (Table IV) Insulin and C-peptide. As expected, basal plasma free insulin and C-peptide levels were similar in all three studies and remained unchanged during the exercise and post-exercise recovery periods.
Glucagon. Basal plasma glucagon levels were also similar in all three studies and remained unchanged during exercise or the recovery period. Although glucagon levels tended to increase when exercise was performed with phentolamine, these changes did not reach statistical significance.
Catecholamines. With exercise alone, the rise in plasma epinephrine levels (32±9 to 57±11 pg/ml) was similar to that in nondiabetic subjects. However, when exercise was performed with propranolol, the rise in epinephrine concentration (from 29± 10 to 180±58 pg/ml; P < 0.05) exceeded that during exercise alone ( 118±25 pg/ml; P < 0.05) was greater than that observed with exercise alone (P < 0.05). Exercise alone produced a slight rise in norepinephrine (302±42 to 442±64 pg/ml) which was similar to that seen in normals. The exercise-induced rise in norepinephrine during propranolol (821±95 pg/ml; P < 0.05 vs. exercise alone) and phentolamine (1184±81 pg/ml; P < 0.01 vs. exercise alone) exceeded that during exercise alone, but was similar to the rise observed in nondiabetics.
Freefatty acids. Basal plasma free fatty acid concentration (465±150 Amol/liter) rose slightly during exercise (660±216 ,qmol/liter) and continued to rise during the recovery period (825±219 /Lmol/liter; P < 0.05 vs. basal). However, propranolol infusion resulted in a highly significant decline in free fatty acid levels during exercise (272±38 umol/liter; P < 0.01 vs. basal). Conversely, alpha adrenergic blockade with phentolamine resulted in significant elevation of free fatty acids before exercise (671 ± 161 gmol/liter; P < 0.05 vs. basal) as well as during exercise (1248±312 ,mol/liter; P < 0.05 vs. basal).
Discussion
In the current study, we have examined the effects of alpha and beta adrenergic blockade on the response of hepatic and peripheral tissues to supine exercise in normal and insulin-dependent, Type I diabetic subjects. The study protocol (40 min of supine bicycle exercise at 40% of Vo2 max) was designed to represent an exercise stimulus ofmoderate intensity and duration which would be well within the physical capacity ofthe individual subjects and would not lead to profound exhaustion. The supine position was used to minimize the effect of alpha blockade on exercise performance and thus provide a uniform exercise stimulus in all experimental groups. In the diabetics, a small amount of insulin (0.07±0.01 mU/kg. min) was infused to maintain the plasma glucose concentration constant and to provide a stable low level of circulating insulin throughout the exercise period (~15 ,uU/ml).
When the normal control subjects exercised in the absence of adrenergic blockade, circulating epinephrine and norepinephrine levels rose two-to threefold above postabsorptive values and the plasma insulin concentration declined by a small and statistically insignificant amount. Previous studies have suggested that the exercise-induced suppression of insulin is mediated by Figure 2. (A) Effect of alpha and beta adrenergic blockade on glucose kinetics during exercise in Type I diabetics. Changes in hepatic glucose production (Ra) and glucose utilization (Rd) are shown during 40 min of submaximal exercise (40% of V02 max) followed by a 30-min recovery period. *, P < 0.05 (propranolol vs. control). t, P < 0.05 (phentolamine vs. control). (B) Effect of alpha and beta adrenergic blockade on plasma glucose concentration during exercise in Type I diabetics. The glucose infusion rate (solid bars) denotes exogenous glucose given only during the propranolol study to prevent hypoglycemia. *, P < 0.05 vs. control study. Control, -; propranolol, ---o ---; phentolamine, ---* ---.
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Simonson et al. Plasma insulin, glucagon, epinephrine (Epi), norepinephrine (NE), and free fatty acid (FFA) levels are shown during the basal state, the preexercise infusion period, during 40 min of exercise, and at the end of the 30 min recovery period. All results are expressed as the mean±SEM.
(*, P < 0.05 vs. basal; f, P < 0.01 vs. basal; §, P < 0.05 vs. control; 11, P < 0.01 vs. control).
alpha adrenergic stimulation of the pancreatic beta cell (1 1, 28, 29) and that it may provide a means of enhancing hepatic sensitivity to the action of counterregulatory hormones (4). However, significant suppression of insulin secretion is most consistently observed only during prolonged or strenuous exercise (3, 4, 11, 28) and may not be present during shorter and less intense periods of exercise (3) . No change was observed in the circulating plasma glucagon concentration. This finding is also consistent with previously published reports using short duration and mild-moderate intensity ofexercise (30) . Despite the increase in circulating catecholamine levels and no change in plasma insulin or glucagon concentrations, glucose utilization rose by 70%. This increase in glucose metabolism by exercising muscle was accompanied by a parallel increase in hepatic glucose production, and thus, the plasma glucose concentration remained unchanged (Fig. 1 B) . To assess whether the augmented release of catecholamines during exercise is responsible for the stimulation of hepatic glucose production, we infused propranolol or phentolamine alone or in combination into normal humans. In keeping with earlier studies (8, 9) , beta adrenergic blockade did not reduce the hepatic response to exercise. Similar results were obtained when alpha blockade was employed, even though circulating insulin rose and the decrease in exercise performance observed in previous studies in the dog (8) was eliminated. Of particular interest, the combined infusion ofpropranolol and phentolamine was also ineffective in reducing the exercise-mediated increase in hepatic glucose production. It should be emphasized that when combined adrenergic blockade was administered during exercise, plasma concentrations of insulin, glucagon, and free fatty acids were unchanged. Taken together, these observations suggest that in normal man, exercise-induced changes in neither circulating catecholamines nor insulin and glucagon are required for the characteristic rise in hepatic glucose production and peripheral glucose utilization during exercise. Nevertheless, our data do not entirely exclude a role for adrenergic mechanisms in mediating the response of the liver. It is possible that the peripheral infusion of propranolol and phentolamine was insufficient to block direct hepatic stimulation by the adrenergic nervous system.
Regarding the effects ofadrenergic blockade on the hormonal response to exercise, the propranolol infusion accentuated the rise in catecholamines but had no significant effect on changes in circulating insulin and glucagon (Table II) . Although it has been reported that propranolol enhances the exercise-induced fall in insulin concentration (29) , this has not been a consistent finding (9, 10) . Similarly, glucagon secretion has been shown either to be unchanged (9) or inhibited (31, 32) by propranolol. Our data are also consistent with previous studies demonstrating that alpha blockade increases circulating catecholamines and produces a paradoxical rise in insulin concentration during exercise (11, 29) . The observation that phentolamine had no effect on circulating glucagon levels during exercise is in agreement with the findings of Galbo et al. (i1, 33) in normal humans, although variable results have been reported in the rat (31, 34).
Although previous studies have shown that beta blockade inhibits lipolysis during exercise (8, 9, 10, 32, 35) , our data demonstrate only a small, statistically insignificant fall in plasma free fatty acids when propranolol was infused during exercise in normal subjects. Our failure to observe a more pronounced decline in circulating free fatty acids may be related to the relatively mild intensity of the exercise stimulus used in this study. On the other hand, alpha adrenergic blockade (unopposed beta stimulation) produced a significant elevation ofplasma free fatty acids both before and after exercise. These findings are consistent with earlier studies (36) and may account for the decrease iii glucose uptake observed during phentolamine infusion in the pre-exercise control period.
Whereas plasma glucose levels remained stable in the normal subjects during exercise alone, they gradually declined throughout the 40-mim exercise period in the Type I diabetics (Fig. 2  B) . The disparate response of the diabetics can be readily explained when one examines the kinetic data. During the control study, exercise induced a prompt rise in peripheral glucose uptake which was of similar magnitude to that observed in the nondiabetic group. While hepatic glucose production also increased in the diabetics, the increment was insufficient to keep pace with the acceleration of glucose uptake leading to a reduction in circulating glucose concentration. The failure of hepatic glucose production to increase to the same extent as that seen in the controls cannot be attributed to differences in plasma insulin, glucagon, epinephrine, or norepinephrine, which were similar in both groups. Circulating C-peptide concentration did not change significantly during exercise in either diabetics or normals, suggesting that portal levels ofinsulin were maintained constant in the two groups. Zinman et al. (37) have previously examined the effect of exercise on insulin-infused diabetic subjects and found no change in plasma glucose concentration. However, these authors did not report values for circulating levels of free insulin, C-peptide, glucagon, or catecholamines, and since they did not measure VO2 max directly, it is not possible to determine if their experimental conditions were similar to those in the present study (37) .
When beta adrenergic blockade with propranolol was produced in the diabetics, the effect on glucose homeostasis in the basal state and during exercise was markedly altered. Prior to the onset of exercise, propranolol infusion resulted in a slight decline in both glucose production and utilization. This suggests that the beta adrenergic system may exert a tonic stimulatory effect on hepatic glucose production and utilization in diabetics. However, since the propranolol infusion was administered through the same intravenous line as the 3-[3H]glucose, it is possible that this produced a small transient rise in plasma 3-[3H]glucose counts and thus gave the artifactual impression that Ra and Rd were inhibited. This explanation appears unlikely, however, since the decline in Ra and Rd was not observed in normals. It is also possible that the decline in Ra and Rd observed following the infusion of propranolol (and phentolamine) was due to the release of tritiated glucose counts that accumulated in glycogen during the 3-h period ofisotopic equilibration. Although Sacca et al. (19) have previously shown that there is no significant labeling ofglycogen when tritiated glucose is infused into normal subjects during the postabsorptive state, this question has not been examined in diabetic individuals.
After the onset of exercise, glucose utilization was significantly enhanced while hepatic glucose production was significantly reduced when compared with normal subjects or the exercise control study. This resulted in a precipitous decline in plasma glucose concentration and necessitated the infusion of exogenous glucose to prevent hypoglycemia. The failure of hepatic glucose production to increase normally occurred despite the falling glucose concentration and the fact that plasma insulin and glucagon levels were similar to those observed when diabetics exercised in the absence ofpropranolol. Furthermore, there was no change in C-peptide levels during exercise in normals or diabetics, indicating that the failure ofhepatic glucose production to rise in the diabetics can not be attributed to the inability to suppress portal insulin concentration. These results suggest that the exercise-induced increase in hepatic glucose production in the insulin-dependent diabetic is critically dependent upon beta adrenergic stimulation. This dependency on the beta adrenergic system is clearly different from healthy controls and is consistent with recent observations demonstrating that hepatic glucose production in Type I diabetics is hypersensitive to stimulation by epinephrine (12, 13) and more readily suppressed by beta adrenergic blockade (14) . Further studies will be needed to delineate under what conditions beta blockade causes hypoglycemia in Type I diabetics and whether selective beta adrenergic blocking agents will exert the same effects as a nonselective beta blocker, such as propranolol.
In addition to inhibiting glucose production, propranolol also caused a significant enhancement in peripheral glucose utilization in the diabetics during exercise. This stimulation of glucose disposal was again in contrast to normal individuals in whom propranolol had no effect on glucose uptake. Since epinephrine is known to inhibit peripheral glucose utilization in normal man (38, 39) and diabetics (12, 13) , it is possible that peripheral tissues, like the liver, are more sensitive to the antagonistic effects of epinephrine. This hypothesis, however, is not supported by previous studies showing a comparable fall in glucose clearance in normal and diabetic subjects during epinephrine infusion (12, 13) . Recent in vitro evidence has also suggested that beta adrenergic blockade may directly enhance glucose uptake in electrically stimulated rat hindquarter muscle (40) . Alternatively, the enhancement of glucose utilization may be the result of lower free fatty acid levels in the diabetics. While propranolol produced a small, insignificant decline in free fatty acids in normal subjects, a marked reduction in free fatty acids was observed in diabetics exercising during beta adrenergic blockade. The reduced availability of free fatty acids might be expected to favor the preferential utilization of glucose as a metabolic fuel.
Interestingly, the effects of alpha adrenergic blockade during exercise in the diabetics were the mirror image ofthose observed with beta adrenergic blockade. The exercise-induced rise in hepatic glucose production was significantly enhanced and glucose utilization tended to be reduced when compared with exercise alone. These changes resulted in a rise, rather than fall, in plasma glucose concentration by the end of the 40-min exercise period. It is unlikely that alterations in circulating insulin or glucagon can account for the effect of phentolamine on glucose kinetics. Insulin and C-peptide levels were quite similar to those observed with exercise alone and the small increase in plasma glucagon with alpha blockade did not reach statistical significance. One could speculate that the increased response of the liver during alpha blockade was the result of the diabetic's greater sensitivity to unopposed beta stimulation (12, 13) and that the increased availability of free fatty acids under these conditions diminished glucose utilization by peripheral tissues. It is also possible that the enhanced increase in Ra during the exercise plus phentolamine study was, in part, secondary to an increase in portal venous glucagon concentration that was not reflected by a change in peripheral glucagon levels. However, further studies will be required to clarify the mechanisms responsible for the changes in glucose kinetics induced by alpha blockade.
In summary, our data suggest that the regulation of glucose homeostasis during exercise is more dependent on adrenergic mechanisms in insulin-dependent diabetics than in normal subjects. When beta adrenergic receptors were blocked with propranolol, glucose production and lipolysis were inhibited and glucose utilization was enhanced during exercise in the diabetics, but not in normal subjects. Conversely, when alpha adrenergic receptors were blocked with phentolamine, glucose production and lipolysis were stimulated and glucose utilization was reduced only in the diabetics. It remains to be determined whether the disparate response to adrenergic blockade in the diabetics is mediated by increased sensitivity to catecholamines or other metabolic disturbances associated with the diabetic state. Regardless of the mechanisms involved, our studies indicate that propranolol, a drug commonly used in diabetics, may increase the risk of exercise-induced hypoglycemia.
